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Abstract

The effect of porous structure and surface functionality on the mercury capacity of a fly ash carbon and its activated sample has been
investigated. The samples were tested for mercury adsorption using a fixed-bed with a simulated flue gas. The activated fly ash carbon sample
has lower mercury capacity than its precursor fly ash carbon (0.23 vs. 1.85 mg/g), although its surface area is around 15 times larger, 863 vs.
53 m?/g. It was found that oxygen functionality and the presence of halogen species on the surface of fly ash carbons may promote mercury
adsorption, while the surface area does not seem to have a significant effect on their mercury capacity.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: Fly ash carbon; Porosity; Surface functionality; Mercury capture

Coal-fired utility boilers are the largest source of
anthropogenic mercury, accounting for 33% of the total
mercury emissions [1]. On December 15, 2003 the US
Environmental Protection Agency (EPA) proposed to
permanently cap and reduce mercury emissions from
power plants and when fully implemented in 2018, mercury
emissions will be reduced by 69%. The injection of fine
carbon adsorbent upstream of the electrostatic precipitator
(ESP) or baghouse is a promising technology to control
mercury emissions [2]. The mercury capacity, cost and
availability of the carbon sorbent play an important role in
the feasibility of the proposed carbon injection technology.

Previous work has focused on studying the influence of
flue gas complexity [3], carbon amount and particle size [4]
on the capacity of the sorbent. Chemical modification of
activated carbons with sulfur and halogen elements has been
shown to enhance their mercury capacity [5-7]. However,
there are only limited studies on the correlation between
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the porous structure and surface properties of activated
carbons and their mercury adsorption capacities. Further-
more, there is even a controversy on the effect of surface
functionality of activated carbon sorbents on their mercury
adsorption properties [5,8—-10]. Some researchers have
concluded that oxygen surface complexes are the active
sites for Hg” capture after conducted a series of studies on
various samples with different surface functionalities
[5,8,9]. In contrast, other studies claim that oxygen
functional groups reduce mercury capture by physisorption
and have no effect in the chemisorption regime [10]. Fly ash
carbons from pulverized coal combustors (PCC) have fine
particle size and on-site availability and have previously
been tested as a potential mercury sorbent [4,5]. The purpose
of this communication is to describe for the first time the
effect of porous structure and surface functionality on the
mercury capacity of a fly ash carbon and its activated sample.

The fly ash carbon sample studied here is from a PCC
unit burning a high volatile bituminous coal and was
collected from the ESP hoppers. This sample has a carbon
content of around 58%, which is higher than those reported
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Table 1
Porosity and mercury capacity of the two studied fly ash carbons, and Darco
Insul

Sample Ash SBET Vo.05 D,* Mercury
Content (m?/g) (ml/g) (nm) capacity”
(%) (mg/g)
DEM-PCC1 3.6 53 0.040 1 1.85
AC-PCCl1 11.2 863 0.490 2.3 0.23
Darco Insul - 700 - - 2.77

# Average pore diameter, calculated based on cylinder pore model.

" Tested using a fixed bed at 138 °C and the simulated flue gas containing
16% CO,, 5% O,, 2000 ppm SO, 270 ppm Hg and balanced with nitrogen.
The length of exposure is 350 min.

in previous studies that are typically ~ 15%. However, this
work focuses on the utilization of high carbon fly ashes, and
therefore, this high carbon content sample was intentionally
selected. It is known that the mercury capacity of the
inorganic fraction is very low compared to the carbon
present in ash [4,11]. Therefore, the sample was subjected to
physical separation by a sink/flotation technique using a
liquid medium with density 1.6-2.5 g/ml and then followed
by an acid digestion step of HCI/HNO;/HF at 65 °C to
produce a carbon rich sample (PCC1-DEM) that was used
for the mercury capture studies. The ash content and
porosity of the samples were characterized by TGA and
nitrogen 77 K isotherms, respectively. These methods are
described in more detail elsewhere [12,13]. The ash content
and porous structure, including total surface area, pore
volume and average pore size (based on the cylinder pore
model), for DEM-PCCI1 are presented in Table 1. DEM-
PCCI has an ash content of around 3.6% and its surface area
and pore volume are 53 m*/g and 0.04 ml/g, respectively.
This suggests that some porosity was generated while in the
PCC combustor, where the pores generated are mainly in the
mesopore range with an average pore size about 3 nm.
The DEM-PCC1 sample was steam activated at 850 °C
for 60 min using a horizontal furnace, as previously
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Fig. 1. Mesopore size distribution of the studied fly ash carbon samples.

described [12]. The porous structure properties of the
resultant sample, AC-PCC1, are listed in Table 1. Compared
to the parent sample, the one-step steam activation process
has successfully increased the surface area and pore volume
(53 vs. 863 mz/g and 0.490 vs. 0.040 ml/g). After activation,
the sample has a surface area of 863 m?*/g, which is even
higher than that of Darco Insul (700 mz/g, Table 1), which is
a commercial activated carbon used as benchmark for
mercury capture studies. Furthermore, its average pore size
narrowed down to 2.3 nm compared to 3.0 nm for the parent
sample. The mesopore (2-50 nm) size distribution curves of
the two samples are shown in Fig. 1. For the DEM-PCC1
sample, most of the mesopores are around 4.0 nm, similar to
other activated fly ash carbons [12] and activated carbon
fibers [13]. However, for the activated sample, AC-PCC1, in
addition to the main peak at around 4.0 nm, another peak
around 2.0 nm is observed, indicating that some small
mesopores have been generated during the activation
process.

The fly ash carbon and its activated counterpart were
tested for mercury adsorption using a fixed-bed with a
simulated flue gas at 138 °C. A detailed description of the
mercury capacity test protocol used in this work can be
found elsewhere [5]. This simulated flue gas used in the
study contained 16 vol.% CO,, 5 vol.% O,, 2000 ppm vol.
SO,, 270 ppm vol. Hg and is balanced with nitrogen. The
length of exposure was 350 min. The simulated flue gas
used here has higher Hg content than that of typical full-
scale units (~1 ppb), and does not contain any NO,.
Previous work has shown that NO,, or more specifically,
NO,, influences the ability of activated carbon to adsorb
mercury in fixed bed tests [14]. Nevertheless, the simulated
flue gas used here was used to compare the effect of porous
structure and surface functionality on a fly ash carbon and its
activated counterpart. The samples prior to the mercury
adsorption tests were analyzed by a cold vapor atomic
absorption spectrophotometer (CVAA) for inherent mer-
cury content. Both samples presented low concentrations of
mercury of the order of less than 1 ppm. The mercury
capacities of both fly ash carbons were then analyzed as
described above and correlated to their porous structure and
surface properties. The mercury adsorption tests results are
listed in Table 1, where the data obtained under the same
conditions for the commercial activated carbon Darco Insul
are also presented. The fly ash carbon sample DEM-PCCI
has a mercury capacity as high as 1.85 mg/g, which is
comparable to the commercial activated carbon Darco Insul,
whose mercury capacity is 2.77 mg/g. Surprisingly, the
activated fly ash carbon sample AC-PCC1 has lower
mercury capacity than its precursor fly ash carbon
DEM-PCC1 (0.23 vs. 1.85 mg/g), although its surface area
is around 15 times larger, 863 vs. 53 m*g. However, it
should be noted that the precursor fly ash carbon has larger
pore size than the activated sample (Table 1 and Fig. 1),
which suggests that the parent fly ash carbon could have
better mass transfer properties than its activated counterpart.
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Previous studies on a Thief sorbent, which is a semi-
combusted coal extracted from a combustion chamber, have
also shown that sorbents with modest surface areas yet
exhibit good capacities for mercury from flue gas [15].
Micropores (<2 nm) are the major active sites for most
adsorbates, while mesopores act as adsorption sites
especially for larger molecules, and also as transportation
routes for small adsorbates. In certain cases, the trans-
portation function is more important than the adsorption site
function. For instance, in the carbon sorbent injection
technology to control mercury emissions, the retention time
of carbon in flue gas is very short, and therefore, at most
conditions, mass transfer rate is the determining factor
and the adsorption of the mercury onto the carbon surface is
mass-transfer-limited [16]. Therefore, a carbon sorbent
selected for mercury capture should have good mass transfer
properties. This is consistent with the data reported here,
where, in addition to the total surface area, the pore size also
seems to play a role in the mercury capacity of the sorbents.
However, the very different mercury capacity of the samples
studied here cannot only be ascribed to differences in their
porous structures. Other properties, especially surface
functionality, are also important to determine their mercury
capacity, as described below.

In order to investigate the surface properties of the
samples, DEM-PCC1 and AC-PCCI1, XPS analyses were
conducted using a Kratos Analytical Axis Ultra instrument,
and the resultant survey spectra are shown in Fig. 2. For
DEM-PCC1, in addition to the two major peaks C 1s and O
1s, there are also two small peaks at 690 and 200 KeV,
which are ascribed to F 1s and Cl 2p, respectively. The
presence of fluorine and chlorine in the DEM-PC1 sample is
probably a result of the acid digestion step, where HCI and
HF acids were used. Furthermore, the comparison of the
spectra for the two samples also shows that the O 1s peak for
DEM-PCC1 is larger than that for AC-PCC1. This indicates
that the activation process may have caused the loss of
certain oxygen functional groups. In addition, the activation
process also removed almost all of F and Cl species from
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Fig. 3. C Is spectra of the studied fly ash carbon samples.

the surface of the sample, as shown by the lack of peaks
at 690 and 200 KeV for F 1s and CI 2p, respectively, for
AC-PCCI1 (Fig. 2).

The high resolution scan data of O 1s and C 1s peaks for
these two samples are shown in Figs. 3 and 4, respectively.
In Fig. 3, the C 1s curve of DEM-PCCI1 shows a shoulder at
higher binding energy besides the main peak at 284 KeV,
which is ascribed to oxidized carbon. This corresponds to
the O Is spectrum in Fig. 4, which splits into two peaks at
around 532 and 531.5 KeV that are assigned to single bond
C-0 and double bond C=0, respectively [17].

Previous studies conducted by the authors have focused
on different adsorbents for mercury, including activated
carbon, and also investigated the effect of several
elements including F, Cl, I, S and O on mercury
adsorption [5]. EPA studies on the effect of activated
carbon surface moisture on low temperature mercury
adsorption indicated that surface oxygen complexes
provide the active sites for mercury bonding [8], where
possibly lacton and carbonyl groups, are the active sites
for Hg" capture [9]. However, other published work on
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Fig. 2. XPS survey spectra of the studied fly ash carbon samples.
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Fig. 4. O 1s spectra of the studied fly ash carbon samples.
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the impact of surface heterogeneity on mercury uptake by
carbonaceous sorbents under ultra high vacuum and
atmospheric pressure concluded that in physisorption
regime, oxygen functional groups decrease mercury
adsorption due to their blocking of access for mercury
to micropores, while in chemisorption regime, no
significant impact of oxygen functionalities was observed
[10]. The data discussed here supports the claim that the
oxygen functionality and the presence of halogen species
on the surface of fly ash carbons may promote mercury
adsorption, while the surface area does not seem to have a
significant impact on their mercury capacity (Table 1).
Moreover, it has previously been reported that pre-treating
activated carbon with HCI leads to higher capacity for
Hg® adsorption in fixed bed capture tests [18]. Based on
the above data, fly ash carbons from coal-fired power
plant have the potential to capture mercury if they have
mesoporous structure, and oxygen and halogen functional
groups. It has been recently postulated that carbon
sorbents have independent reaction sites that comprise at
least an oxidation site and also a binding site for the
oxidized Hg [19]. Although, this work cannot differentiate
between the effect of oxygen functional groups, halogen
species, and carbon sites, further studies on the modifi-
cation of the surface properties of fly ash carbons and
their mercury adsorption properties are under way to
ascertain the effect of oxygen functionalities, halogen
species and carbon sites.
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